Laser-induced damage in optical coatings is generally associated with micrometer-scale defects. A simple geometric model for nodule-shaped defects is commonly used to describe defects in optical coatings. No systematic study has been done, however, to prove the applicability of that model to standard optical coating deposition. Some defects are known not to have a classic nodule geometry.
The present study uses atomic force microscopy (AFM) and scanning electron microscopy to characterize the topography of coating defects in a Hf02/5i02 multilayer mirror system. Focused ionbeam cross-sectioning is then used to study the underlying defect structure. This work develops a model for defect shape such that the overall geometry of a coating defect, particularly seed size and depth, can be inferred from non-destructive evaluation measurements such as AFM. The relative mechanical stabilities of nodular defects can be deduced based on the nodule's geometry. Auger analysis showed that the seed material that causes nodular defects in Hf02/Si02 multilayers is a hafnia oxide. Such characterization capabilities are needed for understanding the enhanced susceptibility of particular defects to laser damage and for developing improved techniques for depositing low-defect density coatings.
. INTRODUCTION
High power laser systems currently under design are limited by the laser-induced damage thresholds of multilayer optical coatings used as mirrors and polarizers. It has generally been accepted that the low damage threshold is associated with nodular defects in the coatings.1'2'3 It is assumed that most of these nodular defects are caused by shadowing effects initiated by seed particles during the deposition process.1'2'4 Not only are these defects associated with the damage threshold, there is also strong evidence that the laser conditioning effect also influences defects. 5 In general, it has been observed that the laser damage threshold decreases as the number of defects on a surface increases and that all defects do not damage at the same fluence level. Experiments on HfO2/Si02 multilayers have shown that defects with dome heights greater than 0.7 im are most susceptible to laser damage, while pit-type defects formed by the ejection of a nodule prior to illumination, do not increase damage 1 These two observations indicate that defect geometry may influence laser-damage susceptibility and mechanical stability of the defects. This paper tries to elucidate the relationship between the surface morphology of a nodule and its total geometry (including subsurface). The goal of this approach to defect characterization is to evaluate a defect nondestructively using a technique such as atomic force microscopy (AEM) and then irradiate the defect with laser light to determine the correlation between defect geometry and damage susceptibility.
SOURCES OF SEEDS
Various mechanisms of seed ejection from an electron-beam process are possible.6'7'8 Ejection can occur from gasses entrapped in the oxide pellets or boules. Even with adequate thermal degassing of the oxide source, bubbles can nucleate in the molten oxide and rise to the surface to spit out seeds. Evaporation from oxides heated above their melting temperature may cause seed ejection due to the vapor thrust breaking through the liquid surface. This molten splashing is notable during high rate evaporation, but even during low rates, localized heating variations may cause momentary splashing conditions. Localized charge build-up due to the insulating nature of dielectrics may cause micro-arc induced seed ejection. Oxides, known for their brittleness, can eject seeds by relief of thermal-induced stresses. A special case is hafnia and zirconia that have a high temperature solid-state phase transition. When these oxides crack during the phase transition, there may be accompanying seed ejection.
GEOMETRIC MODEL OF NODULAR DEFECTS
A simple model has been developed to describe the geometry of the classic parabolic nodular defect.9 Three assumptions are made for this model: the deposition of material is omnidirectional, the seed is spherical, and the seed is much smaller than the total coating thickness. The first may be justified in that the substrates for optical coatings are generally rotated during a deposition run. 4 The second should be fairly accurate if the source of the seeds is ejected liquid material. The third assumption will only be valid for smaller nodules. The layers of coating material above a seed will be concentric spherical caps. These spherical caps will intersect the planar layered structure and the resulting nodule will have parabolic cross-section. This discussion leads to the following relationships that predict the height of the nodule above the planar surface, h, and the surface diameter of the nodule, D, in terms of the seed diameter, d, and the seed depth, 1. h=d D=(8dT)112.
(1) (2) This model is shown in Figure 1 . Besides this rather simple geometric model, quite a bit of modeling of nodular defects has been done in the past.10'11 These models used a hard disk simulation of the depositing materials and in general produced nodules of cylindrical symmetry with parabolic side wall structure, but the actual aspect ratio of the defects could be varied by changing deposition conditions in the model. Fig. 1 . Schematic diagram of nodule structure for idealized growth conditions. Dotted line is the parabolic sidewall boundary between the nodule and the multilayer.
EXPERIMENT
The sample used for this study was a normal incidence high reflector (HR) for light of wavelength 1 .06 im on a 5 cm diameter substrate. The HR consisted of fifteen quarter wavelength layer-pairs of hafnia and silica, with a half-wave of silica as the final layer. The material was deposited using a reactive e-beam process. This sample was commercially made for use at Lawrence Livermore National Laboratory. 12 To characterize the defects on the sample with multiple analytical techniques the HR was marked with an aluminum fiducial as a reference. The sample was first analyzed with a Nomarski light microscope to find an area with a high density of defects. The sample was then coated with a thin layer of metal as to make the surface conductive. A high resolution scanning electron microscope (SEM) was then used to image the defects. The defects were then scanned with an AFM to measure the true shape of the defects in three 13 The sample was then placed in a Focused Ion Beam (FIB) system to cross-section the 14 A FIB is essentially a SEM with a liquid-metal ion source instead of an electron source. The ion beam of this system is focused down to approximately 20 nm. Thus, the highly accelerated and focused metal ions can sputter a surface in a well-controlled fashion such that the defects were milled in cross-section.
A triangular wedge of coating was removed next to the defect such that the cross-section could be imaged. The FIB can also image because some of the ions that impinge on the surface create secondary electron that can be detected to create the image. This imaging capability allowed us to find the defects of interest. Several groups have looked at the cross-sections of defects before this study, but they created the cross-sections by cleaving the sample and hoping that a defect would be bisected. The cleaving method would not always preserve the seed that caused the defect. In addition, the same defect could not always be studied before and after cleaving. The methods used in the present work allow us to avoid the pit-falls of cleaving and mechanical cross-sectioning.
After cross-sectioning, the defects were again imaged with the high resolution of the SEM to analyze the subsurface geometry of the nodules. A total of ten defects of several types was characterized in this fashion. As a final step in the analysis of these defects a scanning Auger microscope (SAM) was used to identify the chemical composition of the seed materiaP5 of one of the nodular defects.
Additional conductive material had to be deposited on the sample to obtain the required conductivity for the Auger spectroscopy to function. The SAM' s spatial resolution was such that it could just image the defects and chemically analyze the seeds, but it could not analyze the layers of the coating.
RESULTS

The "classic" nodule
The defect shown in Fig 2 is classified as a " classic" nodule because it most closely matches the general appearance of a nodule depicted in section 3. The nodule is cylindrically symmetric, i.e., in top view it is circular (Fig. 2 a) . The transition region from the nodule's dome to the mirror's flat surface is smooth and continuous (Fig. 2 a, b, and d) . The last major topographical feature of this type of nodule is that the general microstructure of the coating on and off the nodule is indistinguishable (Fig. 2 a and c). The FIB cross-section in Fig. 2 d provides the most information on the defect shape. The figure shows the shape of the seed, its depth, and the shape of the layers near the seed. The micrograph suggests that the seed is spherical as expected for a "classic" nodule, but it is actually a prolate-spheroid with its longer axis perpendicular to the surface (see Figure 2 caption). The shape of the seed suggests that it is formed by ejection of molten material that is solidified, to some extent, before impinging on the surface. The coated surface is pointing down during the deposition process so some force, possibly electro-static, must hold the seed on the substrate. Assuming that the seed is produced by the ejection of coating material, its composition might be deduced from the material contrast in the SEM image. The silica layers appear as the darker material in the image because the silica is less conducting than the hafnia. The half-wave over-coat of silica is clearly visible in the image. The brighter layers then must be the hafnia. The seed shows similar contrast to the hafnia layers and can therefore be assumed to be hafnia. Auger analysis described below confirms this assumption. Note that the seed was deposited at the end of the third layer of hafnia. Such information can be important to the operator of the coating apparatus, because it might be correlated to a particular deposition event that causes seed ejection.
The structure of the layers deposited above the seed can be gained next from this image (Fig. 2 d) .
The structure of the boundary region between the defect and the surrounding layers changes as the deposition progresses. Close to the seed this boundary region is convoluted and the individual layers are not continuous. But, as more material is deposited the boundary heals and the layers become continuous.
5.2
The "non-classic" nodule "Non-classic" nodule is used to describe the defect in Fig. 3 because it retains some of the properties of the "classic" while losing others. The nodule is cylindrically symmetric, i.e. in top view it is circular (Fig. 3 a) , like the "classic." However, in this case the edges of the nodule are very rough and the transition is rough from the nodule to the surface. In addition, the coating surface dips next to the edge of the nodule (Fig. 3 b and d) , which is most likely caused by the larger seed dimensions creating a shadow region next to the defect. As with the "classic" nodule the general microstructure of the coating on and off the nodule is very similar (Fig. 3 a and c) .
The most information can again be gained from the FIB cross-section in Fig 3 d . The seed in this defect is much closer to spherical than the seed in the "classic" defect in Fig. 2 . The main difference, however, is that the seed in Fig. 3 is much larger than that in Fig. 2 . It again appears to be a hafnia seed. This seed was deposited some time after the third layer of the coating run. An extremely convoluted boundary region is present at this nodule. It also appears to have voids in this region (voids are basically indistinguishable from insulators to the SEM). The profile view shows how the coating dips next to the defect and in this case the convoluted boundary region never heals to produce continuous layers.
The complex nodule
In this case a very large non-uniform seed produced a very complex nodule structure (Fig. 4) . Several observations can be made by analyzing the AFM image in Fig. 4a : the edges of the nodule are very rough in some areas, the coating dips next to the defect, and the defect is non-circular leading to the assumption that the seed is not a sphere. When the sample was removed from the FIB vacuum chamber to the SEM, the cross-sectioned fell apart, without any direct force being applied, (Fig. 4 b) .
The pit
Another type of defect found on this sample was a pit resulting from the defects falling off the surface after the deposition was completed (Fig. 5) . These pit-type defects were measured to have a variety of sizes and depths. As can be seen in Fig. 5 , this pit was formed by a very large extended object that shadowed the edges such that a noticeable dip in the coating layers can be seen next to the pit itself.' The seed that initiated this pit remained on the surface throughout the deposition of the coating and fell off after all layers were deposited. This was a general observation of all the pits seen in this study, i.e. none of the pits were back filled with coating material. 
Seed composition
The sample was analyzed using scanning Auger microscopy (SAM) to identify the chemical constituents of the seed. The Auger spectrum of the seed is shown in Fig. 6 . The spatial resolution of the SAM was not high enough to resolve the layers of the coating, but it was capable of resolving the seed itself. The analysis shows the presence of hafnium and oxygen. There is a peak that suggests silicon in the seed, but upon analysis of high energy Auger peaks (between 1400 and 1700 eV) the presence of silicon is ruled out. Fig. 6 . Auger electron spectrum of defect seed.
DISCUSSION
Because the nodule dimensions can be accurately measured from the images provided, a comparison between actual nodule geometry and the model discussed in section 4 can be made. The model first predicts that the height of the nodule and the diameter of the seed (actually the height of the seed is needed because the seed is not spherical) are equal. As can be seen in Fig. 7 a there is strong agreement between the seed height and the nodule height for the four nodules examined (0.93 degree of fit). Figure 7 b checks the validity of equation (1) by plotting the nodule diameter squared versus the product of the seed size and depth. In this case the data (square dots) does show a linear relationship but the slope is less than half of the predicted value (3.2 versus a theoretical value of 8). The assumption of omnidirectional deposition is probably false leading to this discrepancy. If some contribution of unidirectional deposition is assumed, the lower aspect ratio (Dfh) nodules observed in this work might be explained. The exact relationship between seed and nodule dimensions is likely different for each deposition chamber and method. This relationship, however, can be determined experimentally as outlined in this work. In addition to showing that surface dimensions measured using the AFM provided some insight into underlying defect shape, we also showed that AFM measurements could provide some insight into the nodule/coating boundary region. Take for example the nodules in Fig. 3 and Fig. 2 . A smooth nodule-to-surface transition region, as measured by the AFM, is associated with smooth continuous layers below the surface. In contrast, a rough nodule with a dip in the coating at the nodule boundary is correlated with a very convoluted sub-surface boundary region. An important implication of this analysis is the relative mechanical stabilities of different nodules can be surmised based on surface topography measurements. Nodules with small and/or very deep seeds form classic nodules. Therefore they have smooth boundaries, continuous layers, and are expected to be somewhat mechanically stable.
Nodules with large and/or shallow seeds, on the other hand, are less classic with rough boundary regions and voids, and are likely mechanically less stable.
Considering the work of Staggs et. al.,5 where taller nodules damage at relatively lower laser fluences, and previous E-field modeling work, showing larger and shallower defects couple more strongly with laser light,'6 the mechanical stability issues found here are likely a contributing factor to the nodule's laser damage susceptibility. In other words, high dome nodules are caused by large seeds or shallow seeds. These defects have discontinuous boundaries to the multilayer. The discontinuity is a measure of the mechanical stability of the nodule.
Low fluence laser conditioning has been shown to lower the damage susceptibility of the nodules. One possible damage/conditioning mechanism of nodules is the interaction of the laser light with the voids in the nodule's sub-surface boundary region. It has been shown that the presence of smooth voids at nodule boundaries has little influence on local E-fields16 so the closing of these voids due to laser conditioning is not likely to influence the subsequent damage susceptibility. Surface smoothing observed using the AFM5 indicates that the conditioning process may fuse the nodule into the coating and therefore provide mechanical stability. Staggs et. al.5 also showed that pits do not influence the damage susceptibility. Therefore, if in the conditioning process the large nodules are popped out leaving smooth pits, the coating would also be resistant to further damage. It is likely that one or both of these conditioning methods are taking place in practice. 
CONCLUSIONS
A nodule' S underlying structure can be inferred from AFM images of the nodule' s surface topography. Once the defect' s structure is determined, its relative mechanical stability can be inferred based on the cross-section images presented in this work. Nodules with large (and shallow) seeds have boundary regions that are discontinuous from the seed to the surface of the film and are therefore weakly bonded to the film. Nodules with small (and deep) seeds have boundary regions that are discontinuous initially but become continuous near the surface of the film and are therefore strongly bonded to the film.
By AES studies, the seeds of the nodules in the hafnialsilica multilayers studied here are generated by the hafnia source. Therefore, to eliminate nodular defects, a method of depositing hafnia without particle ejection from the source in the reactive e-beam process must be found.
From this work on nodule cross-sectioning and prior laser damage studies two possible mechanisms for laser conditioning can be proposed: either the nodules pop out non-destructively or the nodules are welded to the coating such that they cannot pop out. 
